Abstract-A design study of a novel passive strain-sensor technology for the in-situ measurement of small strains on implants, bones or fixation systems is presented. The sensing principle is based on hydro-mechanical strain amplification which allows for the abandonment of any electrical circuits. Thus, the sensor can be fabricated applying solely biocompatible or bioresorbable polymeric materials. Finite element simulations are employed to validate the basic sensing principle and to optimize design parameters according to the required target specifications. Remote wireless and passive signal read-out of the sensor signal can be achieved by advanced ultra-sound imaging technologies.
INTRODUCTION
A detailed understanding of complex biomechanical motion sequences, forces and moments in the human body is required for the development of improved implants as well as post-surgical therapies, which need to be adapted to the actual healing stage, e.g. bone fracture treatment or osteosynthesis. While wired sensors are acceptable for surgical operations, wireless sensors are preferred for monitoring parameters within the body over longer time periods, in order to prevent skin penetration by wires and minimize the risk of infection. Next steps are not only to miniaturize these sensors and find a way for wireless parameter readout, but also to make them bioresorbable in order to avoid surgical removal and promote minimal invasive surgery. Hence, the abdication of any electrical circuits, i.e. the design of a passive sensor unit is a key issue for this purpose.
In this study a wireless passive strain sensor system is proposed for clinical load monitoring which could be fabricated entirely from biocompatible and bioresorbable materials.
II. A WIRELESS IMPLANTABLE PASSIVE STRAIN SENSOR
(WIPSS) SYSTEM Fig. 1 shows a typical application of a complete WIPPS system: The sensor unit (WIPSS) is directly attached to a fixation system which stabilizes the fractured bone during the healing-process. Any load acting on the bone, and hence also on the fixation system, results in a relative strain typically within the range of ε =∆l/l 0 < 10 -2 dependent on the moduli of the bone and fixation system respectively. The sensor signal is read-out remotely in real-time using advanced ultra-sound technologies. Beside applications of the WIPSS as load/strain monitors for fixations systems or implants, direct in-situ determination of strains on human bone is another important application. This project is supported by the NCCR Computer Aided and Image Guided Medical Interventions (CO-ME), the Swiss National Science Foundation (SNSF) and ETH Zurich. 
A. Sensing Principle
A small orthopedic strain is transmitted via a fixed interface from the specimen into a volume deformation of a liquid containing elastic reservoir. The rising liquid pressure in the reservoir is equalized after a characteristic relaxation time by the filling of a quasi-open microchannel which is directly attached, as shown in Fig. 2 . Due to the high ratio between the diameter of the reservoir and the diameter of the microchannel, small volume changes of the reservoir are amplified into large local displacements of the liquid/gas interface in the microchannel, whereas the position of the latter provides the output signal of the sensor.
B. Materials Selection
The request for an implantable, i.e. highly biocompatible, optional bioresorbable, and completely passive sensor unit combined with a simple and costefficient fabrication process supports the selection of polymers. The biocompatibility of numerous polymers has been shown in literature [5, 6] whereas a special class of polymers also exhibits bioresorbability on timescales ranging from days to years [3, 5, [7] [8] [9] [10] [11] . Recently, bioresorbable polymers have been synthesized and characterized [1, 2] which allow for independent control of mechanical properties and degradation time via the combination of different chemical entities. Table I summarizes a selection of biocompatible polymers and some of their physical properties: The upper part consists of biocompatible and bioresorbable polymers whereas the lower part shows solely biocompatible polymers. In general, the use of non-bioresorbable materials probably yields in better reliability of the sensor's function since the mechanical properties are not affected by the degradation process.
C. Sensor Read-out
The target strain resolution for the WIPSS was defined as ε =10 -5 , which corresponds approximately to one percent of maximal strains occurring typically in the stiffest human bones during sportive activities [12] . This resolution can only be achieved if the sensor unit itself and if the wireless, non-destructive read-out system provides sufficient sensitivity. In fact the sensor will be covered by an inhomogeneous layer of human tissue of thicknesses up to several centimetres which presents an additional challenge. Advanced ultra-sound imaging technologies might present a suitable read-out system, since the reflection of the ultra-sound wave is highest at material interfaces with high differences in their acoustic impedances as for liquid/gas interfaces.
III. DESIGN AND FABRICATION

A. Design
The sensor unit consists of two parts, which are the liquid containing reservoir and the microchannel attached to it. The design of the liquid containing reservoir has to be optimized for maximum strain resolution, i.e. maximum change of volume at applied strain. Fig. 3 shows the finite element (FE) simulation (FEMLAB ver. 3.0) of the cross sectional view of the liquid reservoir in the unloaded (black lines) and loaded state. The notch inserted into the side walls of the reservoir increases the volume change of the reservoir at applied strain. The amplification factor of the sensor signal increases with an increase of the ratio between volume change and cross-section of the attached micro-channel. Hence, the cross-section of the microchannel has to be minimized. However, the limited lateral resolution of the ultrasound read-out requires a minimal width of the channel.
B. Fabrication
With the exception of some very special polymers [13] , biocompatible and bioresorbable polymers cannot be micro-structured using photolithographic technologies. Instead micromolding, hot-embossing, or microcutting [14] [15] [16] [17] are preferred for generating sub-micrometer features in these thermoplastic materials. The fabrication of the reservoir can be achieved by 3D-micromolding, whereas hot-embossing is suitable for the fabrication of microchannels. For the structuring of polymeric samples, the stamp or mold should exhibit low adhesive properties and thermal expansion properties close to those of the sample to be structured [14, 15, 18] .
Besides the micro-structuring of the material, the assembly of the individual parts, e.g. the reservoir and the microchannel, is a crucial step during sensor fabrication. The combined requirements of a constant channel crosssection and a short and long-term stability of mechanical properties of the assembled parts play a key role for a reliable sensor operation. Available polymer processing technologies like thermal bonding [19] [20] [21] , chemically introduced bonding [22] or the use of sacrificial layers [23] might be applicable for this purpose.
Further, the wetting behavior of the reservoir and the micro-channel during filling has to be tailored by surface modifications or additives in the fluid such that the creation and trapping of bubbles in the system can be avoided effectively. Fig. 4 shows a displacement-strain plot of the local position of the interface according to the reservoir design illustrated in Fig. 3 and the parameters listed in Table II . The linearity of this relation allows for the definition of a design dependent amplification factor as the ratio between the total displacement of the interface and the total change of length of the sensor in direction of strain, see Table II . Hence, the proposed sensor design presents a suitable approach for wireless load sensing of small strains within the range of ε =10 -5 -10 -3 . However, before the sensor can be put into practice, several issues have to be taken into account to guarantee the reliability of the sensor operation. Figure 4 . Displacement-strain plot of the local position of the liquid/gas interface according to the proposed design described in Fig. 3 and Table II.   TABLE II. PROPOSED Temperature inside the human body can exhibit fluctuations of about 5 ° C. This eventuality has to be taken into consideration by design optimization, thermal expansion coefficients of the material (reservoir and liquid) or by adding a reference which is not exposed to the measurand.
IV. SENSOR SPECIFICATION
The long term stability of the sensor is influenced by two major factors namely the liquid permeation and the mechanical stability of the sensor material. The permeation of the liquid through the solid depends mainly on the chemical structure of the material, its thickness, and the pressure gradient. When using bioresorbable polymers the effects of degradation on permeability and mechanical properties have to be taken into account.
The dynamic behavior of the sensor system is determined by the microfluidic properties of the microchannel, e.g. its fluidic resistance and capillary hysteresis. These influences can be reduced by an increased depth of the channel or surface-modifications controlling the wetting behavior. Further, uncontrolled signal peaks due to external pressure, e.g. blood pressure may be prevented by shielding through packaging.
V. SUMMARY AND OUTLOOK
A wireless, implantable, passive strain sensor system is described, which could be read out by advanced ultrasound imaging technologies. Supported by FE simulations, a design is proposed which meets the target specification recommended for potential clinical applications, i.e. strain measurement on human bones, implants and fixation plates. The passive sensing principle allows for fabrication of the sensor entirely from biocompatible and bioresorbable polymeric materials, which eliminates postsurgical removal and supports minimal invasive surgery.
